1. The stoicheiometries and affinities of ligand binding to isocitrate dehydrogenase were studied at pH 7.0, mainly by measuring changes in NADPH and protein fluorescence. 2. The affinity of the enzyme for NADPH is about 100-fold greater than it is for NADP+ in various buffer/salt solutions, and the affinities for both coenzymes are decreased by Mg2+, phosphate and increase in ionic strength. 3. The maximum binding capacity of the dimeric enzyme for NADPH, from coenzyme fluorescence and protein-fluorescence measurements, and also for NADP+, by ultrafiltration, is 2mol/mol of enzyme. Proteinfluorescence titrations of the enzyme with NADP+ are apparently inconsistent with this conclusion, indicating that the increase in protein fluorescence caused by NADP+ binding is not proportional to fractional saturation of the binding sites. 4. Changes in protein fluorescence caused by changes in ionic strength and by the binding of substrates, Mg2+ or NADP+ (but not NADPH) are relatively slow, suggesting conformation changes. 5. In the presence of Mg2+, the enzyme binds isocitrate very strongly, and 2-oxoglutarate rather weakly. 6. Evidence is presented for the formation of an abortive complex ofenzyme-Mg2+-isocitrate-NADPH in which isocitrate and NADPH are bound much more weakly than in their complexes with enzyme and Mg2+ alone. 7. The results are discussed in relation to the interpretation of the kinetic properties of the enzyme and its behaviour in the mitochondrion.
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Many aspects of both the kinetic mechanism and the metabolic roles of NADP+-linked isocitrate dehydrogenase [threo-Ds-isocitrate-NADP+ oxidoreductase (decarboxylating), EC 1.1.1.42] are uncertain, in spite of much work on the enzyme from several tissues. Studies of the equilibrium binding of coenzymes and substrates to isocitrate dehydrogenase from bovine heart mitochondria are described here. The enzyme was recently obtained in apparently homogeneous form from this tissue, and shown to be dimeric with mol.wt. 90000 (MacFarlane et al., 1977a) , in contrast with the enzyme from pig heart, reported to consist of a single polypeptide chain with mol.wt. 58000 (Colman, 1972a) . The affinities and stoicheiometries reported here have intrinsic interest and are also needed for the mechanistic interpretation of both steady-state and transient kinetic studies, some of which are described in the following paper (Dalziel et al., 1978) . The data are also important in relation to the forms of the enzyme present in the tissue and its metabolic functions and control in the mitochondrion, as will be discussed.
Experimental Isocitrate dehydrogenase
The purification of the enzyme from bovine heart mitochondria, and determinations of the protein concentrations and specific activities of enzyme solutions, were carried out as described by MacFarlane et al. (1977a) . Before each experiment enzyme samples were dialysed for 3-4h at 3°C against the required buffer; for some experiments the enzyme was first dialysed overnight against 0.1M-sodium phosphate buffer, pH 7.0, containing 0.1 mM-EDTA, in which it is stable. Except where otherwise stated, 0.1M-EDTA was present in all the buffer solutions used. All enzyme concentrations are expressed as the molar concentrations of active enzyme. In general, enzyme concentrations were calculated from the measured specific activity and the specific activity (39,umol of NADPH formed/min per mg) and molecular weight (90000) of the pure enzyme (MacFarlane et al., 1977a (Londesborough & Dalziel, 1968 (Stinson & Holbrook, 1973 (Scatchard et al., 1957) . Reynolds et al. (1970) to the kinetics of inactivation of liver alcohol dehydrogenase by iodoacetate.
Ultrafiltration
The stoicheiometry of NADP+ binding to the enzyme was measured by ultrafiltration as described by Paulus (1966) , with the use of Diaflo PM1O membranes (Amicon Corp., Lexington, MA, U.S.A.). Analyses for NADP+ were made enzymically (Londesborough & Dalziel, 1968) . Control experiments without enzyme showed that there was no significant retention of free NADP+ by the membrane.
Ultracentrifugation
Sedimentation-equilibrium measurements were made by the meniscus-depletion method (Yphantis, 1964) The stoicheiometry of binding was determined by titration of 113 nM-enzyme in 0.05M-triethanolamine chloride buffer, pH 7.0, with NADPH ( Fig. 1) . The end point of this titration, at 210nM-NADPH, corresponds to a binding capacity of 1.9mol of NADPH/mol of enzyme. The ratio of the initial slope of the titration curve in the presence of enzyme to that of the control titration without enzyme (16.9) is the fluorescence enhancement factor, Q. A number of such stoicheiometric titrations with high concentrations of enzyme were made in phosphate and triethanolamine chloride buffers, with and without the addition of NaCl and MgCl2 (Table 1) , and all gave similar results. The average and ranges of values from all these measurements were 2.1±0. (1957) . They show that the affinity of the enzyme for NADPH is decreased by Mg2+, and that in the presence of this activator the results are consistent with coenzyme binding at identical and independent sites. In the absence of activator, the binding is too tight to allow measurements below 70% saturation.
Estimates of the dissociation constant from these and other titrations in various buffer/salt media are given in Table 1 Londesborough (1969) , may be attributed to changes of the activity coefficient of the multivalent ion NADPH (Londesborough & Dalziel, 1968) , whereas phosphate presumably competes for the coenzymebinding site. The effect of the metal activator is open to several possible interpretations, because it is known to chelate the coenzymes (Colman, 1972b; Apps, 1973) and to combine with the enzyme from bovine heart (P. W. Kuchel & K. Dalziel, unpublished work) and from pig heart (Villafranca & Colman, 1972) .
The affinity of the enzyme for NADP+ was estimated indirectly from the apparent increase of the dissociation constant for NADPH obtained from titrations in the presence of NADP+, by using eqn. (3). The results (Table 1) show that the dissociation constant for NADP+ is greater, by two orders of magnitude, than that for NADPH, under all the conditions studied, and is similarly affected by phosphate, Mg2+ and increase in ionic strength. The dissociation constant for NADP+ was also estimated by protein-fluorescence titrations, as will be described below. The values obtained, shown in Langan (1960) found that in the presence of Mn2+, isocitrate decreased the fluorescence of the NADPH compound of isocitrate dehydrogenase from pig heart, and concluded that isocitrate, like NADP+, displaces NADPH from the enzyme. The same conclusion was reached by Ehrlich & Colman (1975) . Qualitatively similar observations were made by Londesborough (1969) (Londesborough & Dalziel, 1970) , and might therefore compete with isocitrate or its metal complex in equilibrium-binding experiments.
The estimated affinities of the bovine heart enzyme for its coenzymes and isocitrate have implications for the kinetic properties of the enzyme in vitro and in vivo. Since the affinity for NADPH is about 100-fold greater than that for NADP+ under a variety of conditions, which probably embrace the ionic strength and phosphate and Mg2+ concentrations in the mitochondrion (Table 1) , severe product inhibition of the oxidative decarboxylation reaction by NADPH might be expected. Although there is disagreement about the relative concentrations of free NADP+ and NADPH in the mitochondrion, all the available data Sies et al., 1977) indicate that competition between NADP+ and NADPH for the formation of a binary enzyme-coenzyme complex in vivo would also be in favour of the reduced coenzyme. The findings that the enzyme binds isocitrate very firmly in the presence of Mg2+, and also forms an abortive enzyme-Mg2+-NADPH-isocitrate complex, must be taken into account, however. The dissociation constant for isocitrate from the latter complex (4pM) is smaller than the Km value for isocitrate under comparable conditions (Londesborough & Dalziel, 1970) , and this complex will be formed, therefore, in initial-rate experiments on the oxidative decarboxylation reaction. The relatively large dissociation constant for NADPH of 20M from this complex accounts for the absence of severe product inhibition by NADPH, and it is likely that the dissociation of NADPH from this complex is the rate-limiting step in the oxidative decarboxylation reaction under maximum-rate conditions (Dalziel et al., 1978) .
From the dissociation constant of4,pM for isocitrate from the abortive complex and the available estimates of the cellular concentration of isocitrate, it is likely that this complex will also be found in the mitochondrion. In rat heart, the cellular concentration of isocitrate is about 50,uM (Bowman, 1966; Kraup et al., 1967; Neely et al., 1972) . The distribution of isocitrate between mitochondrion and cytoplasm in the heart cell is not known, but in rat liver reported values for isocitrate in the whole cell are in the range 20-50M Sies et al., 1977) , and the concentration in the mitochondrion (142,UM) is much larger than that in the cytoplasm (Sies et al., 1977) . Thus the concentration of isocitrate appears to be large enough to influence the rate of oxidative decarboxylation not only as the substrate, but also by facilitating the release of the product NADPH through the formation of the abortive complex.
Formation of the abortive complex requires the presence of Mg2+ or Mn2+. The total concentration of Mg2+ in rat heart and other tissues is about 10mM (Watchorn & McCance, 1937; Widdowson & Dickerson, 1964; Wacker & Vallee, 1964) , but the concentration of free Mg2+ is unknown. The amount available for complex-formation with isocitrate may be small, as was suggested by England et al. (1967) from the observed citrate/isocitrate concentration in rat heart, the effect of Mg2+ on the aconitase equilibrium, and the greater affinity of Mg2+ for citrate (Kr = 2000M-1; Sillen & Martell, 1964 ) than for isocitrate (K. = 195M-1; Londesborough & Dalziel, 1971) . The concentration of free Mg2+ in rat liver, brain and kidney cortex has been estimated by Veloso et al. (1973) to be about 1 mm, from which it can be calculated that about 20% of the isocitrate will be present as the Mg2+ complex. The NADP+-dependent isocitrate dehydrogenase appears to play a significant role in the oxidative decarboxylation of isocitrate in the mitochondrion, and its activity under assay conditions, with the optimum concentrations of substrates and activating metal ion, is greater in rat liver and heart than that of the NAD+-dependent enzyme (Stein et al., 1967; Kaplan et al., 1956; Sies et al., 1977) . Moreover, the Km value for isocitrate, and especially for its Mg2+ complex, is smaller for the NADP+-linked enzyme than for the NAD+-linked enzyme (Londesborough & Dalziel, 1970; Colman, 1975) . Need for control of the activity of the former enzyme, which would otherwise nullify the effects ofallosteric control ofthe latter, has therefore been envisaged (Stein et al., 1967) .
The availability of Mg2+ for chelation by isocitrate might provide such control, and would be affected by the ATP/ADP concentration ratio (Londesborough & 1978 Dalziel, 1970 . There is disagreement, however, as to whether the NADP+-linked isocitrate dehydrogenase reaction in the mitochondrion is close to equilibrium (Sies et al., 1977) in which case such control would be ineffective, or is essentially irreversible (Veech et al., 19.69; .
Effects of ligands on the fluorescence of the enzyme
The intensity of fluorescence of the enzyme protein, excited at 300nm and emitted at 350nm, varied with the ionic strength of the medium. After a sample of an enzyme solution in 0.05M-triethanolamine chloride buffer containing 0.1 M-NaCl (pH 7.0, I 0.15) had been diluted with 0.05 M-triethanolamine chloride buffer (I 0.05), the fluorescence intensity increased slowly. The constant value reached after about lmin was 30% greater than that obtained at once when the enzyme solution was diluted with the original buffer of I 0.15. The effect was reversible: dilution of an enzyme solution in buffer of I 0.05 with buffer of 10.15 was followed by a slow decrease in the fluorescence.
The effects ofcoenzymes and substrates on the protein fluorescence also depended on the ionic strength of the medium, and were most marked at low ionic strength. The addition of isocitrate or 2-oxoglutarate to the enzyme in 0.05M-triethanolamine chloride buffer, pH 7.0, containing 5mM-MgCl2 quenched the protein fluorescence by 30 %, and like the quenching caused by an increase in salt concentration, the change was relatively slow, with a half-time of 10-20s. The addition of NADPH caused a more rapid fluorescence quenching of similar magnitude, whereas NADP+ caused a 30 % increase in the protein fluorescence, again developing with a half-time of 10-20s.
The slowness of these fluorescence changes suggests that conformational changes in the protein molecule, or even dissociation of the dimer into subunits, are involved. Evidence for such dissociation of isocitrate dehydrogenase from ox liver in dilute solution, and its prevention by Mn2+ and isocitrate, has been reported (Carlier & Pantaloni, 1973) .
Accordingly, three sedimentation-equilibrium experiments were carried out with the bovine heart enzyme at the same concentration as that used in the protein-fluorescence measurements just described, namely 0.34 mg/ml, in 0.05 M-triethanolamine chloride buffer, pH 7.0. With or without the addition of 50mM-NADP+ or 0.1 mM-DL-isocitrate and 5mM-MgCl2, we obtained no evidence of dissociation.
The apparent mol.wt. was 93000-96000 in all these experiments, in reasonably good agreement with earlier estimates (MacFarlane et al., 1977a) . We conclude that a slow structural transition of the dimeric enzyme molecule follows changes of ionic Vol. 171 strength or ligand combination. Evidence for a slow structural change that affects the activity of the enzyme, induced by combination of isocitrate and Mg2+, has been obtained from kinetic studies in the pre-steady state (Dalziel et al., 1978) .
Attempts to study the equilibrium binding of coenzymes and substrates to the enzyme by measurements of these protein-fluorescence changes were made, even though their small amplitude and slowness obviously limits the precision of the measurements. Approximate estimates of the dissociation constants for NADP+ in various buffer media obtained in this way (see Table 1 ) are of the same order as those obtained by competition with NADPH. Attempts to determine the stoicheiometry of NADP+ binding by protein-fluorescence titrations with high concentrations of enzyme gave surprising results, however. The results of a titration of 6.0,uM-enzyme with NADP+ in 0.05M-triethanolamine chloride buffer, pH7.0, are shown in Fig. 4(a) . A satisfactory estimate of the maximum fluorescence increment (AFmax. = 3.18) is obtained. After the addition of 1 equivalent of NADP+ the increment is 0.70AFmax.. A value greater than 0.5 AFmax. is obviously inconsistent with a binding capacity of 2mol of NADP+/mol of enzyme, if the assumption that the fluorescence increment is proportional to the fractional saturation of the ligand-binding site is valid. Extrapolation of the initial slope and final asymptote of the titration curve suggests a stoicheiometry of 1 mol of NADP+/mol of enzyme. An analogous titration of 0.105pM-enzyme with NADPH, which quenches the protein fluorescence and binds much more firmly than NADP+ (Table 1) , is shown in Fig.  4(b) . The end-point is at 0.20M-NADPH, and confirms the conclusion from measurements of coenzyme-fluorescence enhancement (Fig. 2) that the enzyme molecule has two binding sites for NADPH.
For isocitrate dehydrogenase from ox liver, Carlier & Pantaloni (1976) have also presented evidence that there are two binding sites with similar affinities for NADPH in the molecule, but only one for NADP+. For the protein-fluorescence titrations with NADP+ described here, however, there is an alternative interpretation, namely that there are two binding sites in the molecule for NADP+, but binding of a molecule ofNADP+ to one subunit of the enzyme causes a change in the protein fluorescence of both subunits, whereas combination of the second NADP+ molecule causes a much smaller change in protein fluorescence. The fluorescence increment would not then be proportional to the fractional saturation of the ligand-binding sites. This hypothesis has been substantiated in two ways. First, titration curves such as that in Fig. 4(a) and Scatchard et al. (1957) plots obtained from them, cannot be described satisfactorily on the assumption that there is one binding site in the molecule with a Secondly, and more convincingly, the maximum binding capacity for NADP+, under the conditions of the protein-fluorescence titration in Fig. 4(a) , was determined directly by ultrafiltration (Paulus, 1966) . The results obtained with 7.3,uM-enzyme and NADP+ concentrations of 15.7, 23.6 and 31.54UM (Table 3) show that the enzyme does bind 2mol of NADP+/mol at the end of the titration in Fig. 4(a) . It is concluded that the protein-fluorescence measurements indicate that a concerted structural transition of the dimeric enzyme molecule occurs when one molecule of NADP+ combines.
Protein-fluorescence-quenching titrations of the enzyme with isocitrate in the presence of MgCl2 in 0.05 M-triethanolamine chloride buffer confirmed the tight binding already indicated indirectly by titrations with NADPH ( Table 2 ). The affinity was too large to allow estimates of the dissociation constant. The titrations gave results similar to those obtained with NADP+, suggesting again either binding of isocitrate at only one subunit, or that fluorescence quenching was not proportional to fractional saturation. Direct determination of the binding stoicheiometry has not been made, however.
Titrations of the enzyme with 2-oxoglutarate by protein fluorescence in the same medium indicated that the affinity of the enzyme for this substrate is much smaller than for isocitrate. The results of a titration of 0.12guM-enzyme are plotted by the method of Scatchard et al. (1957) Brown & Hill (1922 -1923 . The enzyme concentration was 0. 12pM, in 0.05 M-triethanolamine chloride buffer, pH 7.0, containing 5mM-MgCI2.
by Brown & Hill (1922-23) in Fig. 5(b) . The results are not consistent with the binding of 2-oxoglutarate, or its Mg2+-ion complex, at two identical and independent sites in the enzyme molecule, nor, of course, at a single site. The slope of the linear plot in Fig. 5(b) is 1.8. The simplest interpretation of these results is positively co-operative binding of two substrate molecules. In view of the results obtained in studies of NADP+ binding by protein-fluorescence enhancement, however, the possibility of optical, rather than thermodynamic, interactions between the two subunits of the enzyme cannot be ignored. Thus the results might be accounted for by the assumption that binding of a second substrate molecule to the dimeric enzyme causes greater fluorescence quenching than binding of the first substrate molecule. In either event, interactions between the two subunits are indicated. An apparent dissociation constant for 2-oxoglutarate, defined as the concentration of the latter that causes half the maximum fluorescence quenching, is 1.5mm (Fig. 5b) . The maximal binding capacity of the enzyme for 2-oxoglutarate has not been determined.
Similar titrations ofthe enzyme with 2-oxoglutarate in the presence of 75 uM-NADP+ as well as 5mM,
MgCl2 gave a value of 0.22mm for the apparent dissociation constant of the abortive complex for 2-oxoglutarate. Scatchard et al. (1957) plots showed small deviations from linearity, of the kind associated with positive co-operativity, but these were not clearly outside the experimental error. In the absence of MgCl2, no significant quenching of the protein fluorescence by 2-oxoglutarate was observed, with or without NADP+ present. These results show that 2-oxoglutarate is much less firmly bound by the enzyme than is isocitrate, in the presence of MgCl2. Unfortunately the binding of isocitrate is too firm to permit evaluation of the saturation function, to show whether or not there are binding interactions, whereas the binding of 2-oxoglutarate is too weak to allow estimation of the stoicheiometry of binding by protein-fluorescence titrations. The results obtained with NADP+ show that the method is in any case unreliable for this purpose. The interpretation of the titration with 2-oxoglutarate is also complicated by the large concentrations used and the relatively small stability constant for its Mg2+ chelate, which is about 60M-1 (Londesborough & Dalziel, 1968) . The titrations with NADP+, however, in contrast with those with NADPH, show that there are interactions between the two subunits of the enzyme. Further investigations, particularly kinetic studies, are needed to show whether these findings have significance for the reaction mechanism.
